Biodegradation of 1-naphthol by a pure culture was measured in the presence (65 mg C L_l) and absence of a forest soil humic acid (HA). Experiments were performed under nongrowth conditions and controlled ionic strength (/ equivalent to 10 mM LiCl) at pH 8.0. 1-Naphthol was allowed to react with HA under aerobic conditions in the dark for 7 days to promote sorption prior to bacterial inoculation. During this abiotic sorption period, 3.7-12% of 1-naphthol was transformed into oxidative products (naphthoquinones). At low initial 1-naphthol concentrations (<2.7 mg L_1), 1-naphthol mineralization (measured by 14C02 production) decreased from 25-35% to 9-16% with HA. 1-Naphthol was biodegraded to concentrations below HPLC-PDA detection limit (0.10 mg L_1) except at the highest 1-naphthol concentrations tested (>9.0 mg L"1) with or without HA. Both abiotic and biotic 1-naphthol transformation pathways accumulated similar products, and these products were more recalcitrant than 1-naphthol. The sorption of 1-naphthol abiotic transformation products and bacterial metabolites to HA (not 1-naphthol) reduced 1-naphthol mineralization.
INTRODUCTION
on the rate and extent of degradation of aromatic contaminants. The difficulty in establishing Previous research on the impact of dissolved humic a clear effect is caused by several factors including aquesubstances (HS) on the biodégradation of organic ous phase contaminant-HS interactions; contaminant contaminants has produced contradictory results. The metabolite-HS interactions; micro-organism-HS interacpresence of HS has been shown to increase (Liu et al., tions; micro-organism enrichment techniques; and pure 1983; Tranvik and Hofle, 1987; Larsson et al., 1988; Or-vs. mixed microbial culture. In addition, differences in tega-Calvo and Siaz-Jimenez, 1998), decrease (Shimp experimental protocols regarding pH, ionic strength, and Pfaender, 1985) , or have no effect (Amador and presence The objectives of this research were to study the impact of humic acid (HA) on the biodégradation of 1 -naphthol under conditions of controlled pH, ionic strength, and bacterial numbers to better understand these processes and shed light on the existing contradictory results reported in the literature. Experimental pH, ionic strength, and contact time were set based on previous measurements of 1 -naphthol sorption to a purified forest soil HA (Karthikeyan and Chorover, 2000) . Constant bacterial numbers and viability were measured and confirmed with the Live/Dead Baclight Bacterial Viability Kit. 1-Naphthol and its transformation products were measured and tentatively identified by high-performance liquid chromatography with photodiode array (HPLC-PDA) detection, and mineralization was measured using l4C-l-naphthol. This complete data set overcame some of the interpretative difficulties listed above, and provided a more accurate, less speculative explanation of the results.
EXPERIMENTAL PROTOCOLS
Radiolabeled 1-naphthol (1-I4C) (Sigma Chemical, St. Louis, MO, specific activity of 7.7 mCi mmol~') was dissolved in methanol and purity was verified at >98% by HPLC-PDA. Unlabeled 1-naphthol solutions were prepared in a phosphate buffered background electrolyte (BE) (Table 2 ), but no l4C02 was ever detected in the KOH trap at t = 0 h.
In the current study, mineralization was low (9 to 35%), while the biodégradation of 1-naphthol was high (usually 100%). 1-Naphthol was biodegraded to concentrations below HPLC-PDA detection limit (0.10 mg L" ') except at the highest 1-naphthol concentrations tested (Fig. 2) . Aqueous-phase HA exerted little effect on 1-naphthol biodégradation but a significant effect on mineralization (Table 1 and were tentatively identified as 1,2-naphthoquinone and 2-hydroxy-l,4-naphthoquinone, respectively. Naphthoquinones have been shown to form abiotically via the oxidation of 1-naphthol (Karthikeyan et al., 1999) . Also, the biodégradation of naphthalene (with 1 -naphthol as an intermediate) and 1 -naphthol has been shown to produce 1,4-naphthoquinone and 4-hydroxy-1 -tetralone (Bollag et ai, 1975; Gibson, 1978) . The transformation product peaks produced abiotically [ Fig. 1 Figure 3 . UVA'is absorbance spectra for 1-naphthol, its transformation products, and naphthoquinone standards. (A) Spectra for the 2.90-min product peak measured after the 72 h biodégradation period (t = 72 h) compared to freshly prepared 1-naphthol standard. (B) Spectra for the 2.05-min product peak measured at t = 72 h compared to 1,2-naphthoquinone standard (eluted at 2.18 min). (C) spectra for the 1.45-min product peak measured at t = 72 h compared to 2-hydroxy-l,4-naphthoquinone standard (eluted at 1.56 min). not equal (Kamlet, 1960) , the integrated peak areas for 1-naphthol and both products were all measured at 280 nm (Fig. 2) . Therefore, the integrated peak area values for each compound in Fig. 2 Karthikeyan and Chorover (2000) found the interaction of 1-naphthol with the same HA used in this study to be pH dependent, with minimal sorption below pH 7.0, a sharp increase between pH 7.5 to 8.5, and maximum sorption around pH 9.0. The sorption of 1-naphthol itself was a minor process caused by the complexion of 1 -naphthol with HA, while the abiotic oxidation of 1-naphthol produced transformation products (naphthoquinones) that sorbed more strongly and to a greater extent than 1 -naphthol. The formation of naphthoquinones was time dependent even beyond 7 days, and directly affected the sorption of 14C-labeled compound (i.e., 1-naphthol and its products) with this HA (Karthikeyan and Chorover, 2000) . These (25-35%) and with HA (9-16%).
However, mineralization should be reduced only if the sorbed species were covalently bound to HA (i.e., weakly sorbed compounds eventually become bioavailable; e.g., Martin and Haider, 1976; Dec and Bollag, 1988 (Eaton and Chapman, 1992) and 4-hydroxy-l-tetralone (Bollag et al., 1975) Guerin and Jones, 1988) . In addition, the incomplete or partial biodégradation of PAHs is common (LeBlond et al., 2000) . Thus, we speculate that the binding of 1-naphthol metabolites to HA could also have contributed to decreased 1-naphthol mineralization.
In a related study, Amador and Alexander (1988) This study measured the biodégradation and mineralization of 1 -naphthol and its transformation products with (65 mg C L"1) or without HA. Experimental conditions of controlled pH, ionic strength, and constant viable bacterial numbers were used to better interpret the effect of HA. Our results showed that the sorption of both 1-naphthol abiotic transformation products and bacterial metabolites to HA reduced 1-naphthol mineralization. Because 1-naphthol did not sorb to HA, HA had no effect on 1-naphthol biodégradation. These results demonstrate that the reactivity of transformation products is important in controlling the fate and bioavailability of organic contaminants.
